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The hydrogenation-solution  reactio n  of North Dakota lign ite  w as 
studied with various organic so lv en ts  in a batch  m icroautoclave at 
re ac tio n  conditions of 740 d egrees F .  and 1500 p s ig .  in it ia l  hydrogen 
p re ssu re .  The so lv en ts  included a l ip h a t ic , aro m atic ,  c y c lo p a r a f f in ic , 
h e te r o c y c l ic ,  phenolic  and amino compounds. The extent of d is s o lu ­
tion  w as measured from the amount of residue retained on an a s b e s to s  
f i l te r -m a t after  it was w ashed and dried. It w as found that the hydro­
arom atic compounds were very e f fe c t iv e ,  giving more than 70 percent 
so lu b iliza tio n  of lignite  in so lution re a c t io n .
Four l ig n ites  from different mines in the Northern Great P la ins 
Provinces were d isso lv ed  in te tra lin  at the same operating conditions to 
study the e f fe c t  of com position o f lignite  on the solution re a c t io n .  
L ign ites  studied ranged from 71 percent to 82 percent so lu b il iz a t io n .  
There w as no evident correlation  betw een the ex ten t of so lu b iliza tion  
and the proximate a n a ly s is .  A lso , the percent so lu b iliza tio n  and the 
heating value of lignite  did not show any correlation  in the sam ples 
s tu d ie d .
v i i i
INTRODUCTION
The need to expand the e x is t in g  markets for co al and co a l-d e r iv e d  
products has long been  reco g n ized . In the p a s t ,  com petition from 
petroleum products has had a depressing  e f fe c t  on the production of 
c o a l .  In the future, nu clear energy may w ell re p lace  co a l in some of the 
e le c t r ic a l  energy m arkets . A lso , stringent regulations currently being 
introduced concerning air pollution may lim it u se  of many c o a ls  as fu e ls .
One p o ss ib le  solution to th e se  problems facing  the co a l industry 
is  to convert co a l into liquid products that can better compete in to d ay 's  
market p la c e .  A method of producing liquid products from co a l  that has 
attracted  co n sid erab le  in te re s t  in re cen t years  is  the thermal d isso lu tio n  
of c o a l  in a so lvent under hydrogen p re ssu re .  The degree of d isso lu tion  
depends on the rank of c o a l ,  the petrographic constitu tion  of c o a l ,  
p h y sica l  and ch em ica l properties of the so lv en t and p ro ce ss  v ar iab les  
such as  hydrogen p re ssu re ,  c a ta ly s t  com position and co n cen tra tio n , 
co a l  p artic le  s iz e  and moisture co n ten t ,  and the time and temperature of 
the re a c t io n .  In the form of liquid products, co a l might reenter markets 
captured by the petroleum industry. Further, co a l hydrogenation can 
lead to the reduction of sulfur con ten t, providing a p o s s ib le  alternate  
fuel of lower air  pollution p o te n tia l .  The solution p ro ce ss  a lso  removes
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most of the ash from the co a l and hence red u ces boiler fouling.
Work on the hydrogenation-solution  reactio n  of co a l has been 
underway for many y e a r s .  In Germany during World War I I ,  high 
pressure co a l hydrogenation supplied syn th etic  fu els  for the war e ffo rt .  
The most com prehensive work on the solution of bituminous co a l in pure 
compounds has been reported by Orchin et a l . (13, 14). The O ff ice  of 
C oal R esearch  has sponsored se v e ra l p ro je c ts  concerned with the hydro­
genation of c o a l .  The purpose of "P ro je c t  G a s o l in e ,"  one of the OCR 
p r o je c ts ,  is  to develop the C onsolidation  Coal Company's syn th etic  
fuel p ro cess  for converting co a l to liquid fu e ls .
North D akota l ig n ite  was used in the present study. The Fort 
Union C oal Region co n ta in s  an estim ated 4 60 b ill ion  tons of low rank 
co a l  (8). D esp ite  the large re s e rv e ,  very l i t t le  work has been done on 
d isso lu tio n  of l ig n ite  in comparison to high rank c o a l s .  The purpose of 
the present re sea rch  is  to compare so lu b ility  data on lign ite  with that 
of bituminous c o a l ,  and to determine re la tiv e  e f f ic a c y  of d ifferent organic
2 •
s o lv e n t s .
LITERATURE REVIEW
The behavior o f c o a ls  toward different so lv en ts  h as been  studied 
for many years  and voluminous literature has been accu m u lated . 
M ech anism s have been proposed to exp la in  the re a c t io n ,  but b e ca u se  
the co a l matrix is  com plex , the structure and behavior of co a l  during the 
so lution re ac tio n  have not been  c le a r ly  e lu c id a te d .
According to Storch (18) ,  in 1869 Berthelot showed that pretreat­
ment of c o a l  with 100 parts of hydriodic ac id  at about 520 d egrees F. 
for 24 hours y ielded 60 weight percent o il and 30 weight percent o f  a 
b itu m en -like  re s id u e .  D eM ars il ly  (3) in 1860 ex trac ted  co a l  with b o i l ­
ing b e n z e n e ,  chloroform , e th e r ,  a lco h o l and carbon d isu lf id e .  In 1914 , 
Bergius (1) filed  a patent on a p ro ce ss  for the hydrogenation of c o a l  under 
pressure at tem peratures betw een 570 and 930 d egrees F .  The co n v er­
sion  o f powdered c o a l  to g a s e s  and liquids in the presen ce  o f heavy 
re c y c le  o il  is  covered in h is  p atent.
The Pott-Broche P ro cess  (16) w as used in Germany during World 
W ar II for the partial d isso lu tio n  of c o a l  in a hydrocarbon so lvent 
followed by filtration  and carbonization  of the f il tra te  to produce a raw 
m aterial for carbon e le c tro d e s  used in the aluminum industry.
The literature review s by Kloepper (10) ,  VanKrevelen (19) and
3
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Dryden (4) encom pass most of the papers on so lvent extractio n  of co a l  
published until 19 63 . A re cen t Bureau of M ines Bulletin (21) on "Hydro­
genation of C oal and Tar" published in 1968 , d e scr ib e s  the history and 
econ om ics of c o a l  solution p r o c e s s e s .
Dryden (4) has summarized previous work done on the e f fe c t  of 
various organic so lv en ts  on co a l d isso lu tio n .  According to him, various 
workers have attem pted, without much s u c c e s s ,  to co rre la te  p h y sica l  
properties of so lv en ts  such as  su rface  te n s io n ,  sw elling properties and 
internal pressure with the ex ten t of coal so lu b il iz a t io n .  Dryden (4) 
a lso  proposes that the d isso lv in g  power of a so lvent depends on the • 
ch em ica l structure and s ta b i l i ty  of the so lv e n t .  A two ring compound 
with one ring arom atic and the other ring hydroaromatic is  particu larly  
e f fe c t iv e .  Such a compound is  te tra l in ,  which has been used s u c c e s s ­
fully in hydrogenation-solution of co a l at about 400  degrees C . The 
hydroaromatic ring is  a potential hydrogenation agen t. A hydroxyl group 
on the aromatic ring p olarizes  the m olecule enabling it to donate hydro­
gen more read ily ,  thus making an even more e f fe c t iv e  so lv e n t ,  as for 
exam p le, 1 , 2 , 3 , 4-tetrahyd ro  5-hydroxy naphthalene .
According to Dryden (4), D 'yakova (5) has found that between 360 
and 400 degrees C . , the d isso lv in g  power of so lv en ts  d e c re a s e s  in the 
following order: am in es , ph en o ls , c y c l ic  hydrocarbons and a lip h atic  
hydrocarbons. Dryden concluded that the important factor determining 
the high d isso lv in g  power of amines and related  compounds for high
v o la tile  bituminous co a l was the a v a ila b il i ty  of an unshared pair of 
e lec tro n s  on a nitrogen or oxygen atom.
The probable role of alternate  donation and a c c e p ta n c e  of hydrogen 
by the hydroaromatic portion of the so lvent at a temperature betw een 200 
and 400 degrees C .  w as pointed out by O ele  and coworkers (12).  They 
a ls o  found that diphenylamine was an e f fe c t iv e  agent for hydrogen 
tra n sfer .
The extractio n  y ield  of bituminous co a l at the normal boiling point 
of homologous aromatic so lv en ts  was found to in c re a se  d irect ly  with the 
boiling point of the so lvent by Orchin and coworkers (13). Some of their 
re su lts  are presented in Table 1. G il le t  (7) supports th is  v iew , but 
su g g e sts  that s p e c i f ic  structural arrangement rather than boiling point 
may be the important fac to r .
Some re su lts  obtained on uncatalyzed solution of bituminous coal 
by Orchin and Storch (14) are presented in Table 2 . For ca ta ly zed  
reactio n  with different s o lv e n ts ,  at 1000 p s ig .  in it ia l hydrogen pressure 
and 400 degrees C .  , they report that most of the so lven ts  d isso lv e  80 
to 90 percent of bituminous c o a l .
By a gen erally  acce p ted  view ( 1 1 ,1 5 ) ,  co a l  is  composed of a 
m icellar  (lyophobic) core with attached  protective  (lyophilic) co llo id s  
in a d isp ersion  medium of com paratively low molecular w eight. H irst (9) 
presen ts  a sim ilar structure in which co a l is  considered as an " i s o g e l . "  




EXTRACTION OF BITUMINOUS COAL BY AROMATIC COMPOUNDS
Solvent
Boiling-Point 





9 -M ethylphenanthrene 360 82
Phenanthridine 360 89
Anthracene 354 24
5 , 6-Benzoquinald ine 352 93
5 , 6-Benzoqu inoline 351 95
Phenanthrene 340 95




m ice lla r  portion, so  that the gel is  in so lu b le .  Above the g e l-p o in t  
tem perature, the d isp ersin g  phase becom es free ly  rotating and m obile , 
permitting solution and peptization of the m icellar  portion. According to 
Orchin and coworkers (13),  the above mechanism does not explain  the 
in flu ence  of the so lvent in the solution p r o c e s s .  Thus, according to 
Orchin (13),  the e f fe c t iv e n e s s  of so lvent is  governed in part by the
7
TABLE 2




So lu b ilization
Percent
1 , 2 , 3 , 4  -Tetrahydro -  5 , Hydroxy Naphthalene 0 . 5 8 5 .3
0 -C y c lo h e x y l  Phenol 0 .5 8 1 .6
Tetralin 0 . 5 4 9 . 4
U . S . P .  Ore sol 0 . 5 3 2 .1
Naphthalene 0 .5 2 2 .2
D icy clo h ex y l 1 .0 2 7 .2
o -P h en yl Phenol 0 . 5 1 9 .6
Diphenyl 0 . 5 1 9 .4
2 -M e th o x y -1 -C y c lo h e x y l  benzene 0 . 5 3 0 .2
In it ia l  hydrogen pressure = 1000 p s ig .
penetration of the so lvent m olecule into the micropore structure of the 
c o a l .  The sp atia l  arrangement and s iz e  of the so lvent m olecule becom es 
an important factor in i ts  ab il i ty  to d isso lv e  or d isp erse  c o a l .  Orchin 
i l lu s tra te s  th is  by comparing the ex ten t of so lu b iliza tio n  of bituminous 
c o a l  in phenanthrene and anthracene which y ield  9 5 and 24 percent 
so lu b iliza tio n  re sp e c t iv e ly  (Tables 1 and 3 ) .  He a lso  co n sid ers  the 
structure of c o a l  as  a very important factor contributing to the s o lu b i l i ­
zation a s  may be seen  from 2 3 percent so lu b iliza tio n  of lignite  in
8
EFFECT OF RANK ON PHENANTHRENE EXTRACTION
TABLE 3





Bituminous Coal 9 5 . 0
Subbituminous Coal 2 7 .0
!
Lignite 2 3 .0
phenanthrene (Table 3) as  to 95 percent for bituminous c o a l .  The 
m obility of the m icellar  structure in co a l of ranks other than bituminous 
co a l is  d ecreased  by the p resen ce  of greater number of c ro ss  lin kages 
among m ice lle s  such as the carbon-oxygen  type in l ig n ite .
E xten siv e  work has been done by Franke and coworkers (6) on pre­
treatm ent of l ign ite  before carbonization in production of liquid products. 
They have done comparative work on different l ig n ite s  from North D akota , 
T exas and W ashington . Some re su lts  are presented in Tables  4 and 5 .
Franke and coworkers (6) conclude that there is  re la t iv e ly  l i t t le  
re la tio n sh ip  betw een a n a ly se s  of lign ite  and so lu b il iz a t io n .  The y ield  
in c re a s e s  somewhat with in creas in g  hydrogen p ressu re .  They a lso  
found the most e ffe c t iv e  so lven ts  for l ig n ite  d isso lu tion  to be te tralin
9 ■
TABLE 4











W ashington 4 . 5 6 5 .8 2 9 .7 8 6 .9
North Dakota 7 .9 65 . 1 2 7 .0 9 3 . 7
T exas 4 . 8 6 0 .5 3 4 . 7 7 5 .3
Reaction  conditions:
Solvent: 4 parts of te tra lin  : part of c re so l  
Solvent to lign ite  ratio : 2:1 
Temperature: 400  degrees C .
and te t r a l in -c r e s o l  mixture.
R esu lts  from work of Severson and coworkers (17) are presented 
in Table 6 . The lign ite  solution runs were made in a o n e-g a llo n  stirred 
au to c la v e .  Tar from low temperature carbonization  of lign ite  was found 
to be a very poor so lv en t in uncatalyzed  t e s t ,  y ield ing  only 5 . 6  percent 
so lu b il iz a t io n .  Additional work is  being done in which the e a s e  of 
so lu b iliza tion  of various l ig n ite s  is  under in v e s t ig a tio n . According to 
th e se  in v e s t ig a to rs ,  the most promising com m ercially  av a ila b le  so lvent 
appears to be anthracene o i l .
10 .
TABLE 5















North Dakota 4T:C 400 0 1140 8 .0 9 2 . 8
North Dakota 4T:C 400 1000 2790 8 .7 1 0 0 .0
T exas 4T:C 400 0 990 9 .2 8 6 .8
T exas T 440 . 1000 2950 8 .9 8 7 .0
T exas 4T:C 440 1000 3150 1 1 .3 9 1 .9
T exas C 400 0 1010 8 .8 4 6 . 6
T exas C 400 1000 3000 7 .5 7 5 .6
T exas N 400 760 - 6 .5 5 8 .6
T exas OA 400 0 - 8. 1 7 5 .8
T exas P 400 0 - 9 . 6 2 6 .2
T exas OP 400 0 460 6 .4 6 1 .3






C C reso l
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TABLE 6
SOLUBILIZATION OF LIGNITE WITH VARIOUS SOLVENTS
Solvent
So lu b ilization
Percent





o -C r e s o l  + Tetralin 
( 50% + 50% )
9 6 .  1
Alpha-N aphthol
Tetralin  Mixture 
( 50% + 50% )
8 9 .3
Run conditions:
In it ia l  Hydrogen Pressure = 1550 p s ig .
Maximum Pressure = 3 0 0 0 -3 3 0 0  p s i g .
Temperature = 7 0 0 -8 0 0  degrees F .
Lignite Baukol-Noonan M in e ,
Burke County, North Dakota
EQUIPMENT AND EXPERIMENTAL PROCEDURE
Equipment
The batch  m icroautoclave used to determine the ex te n t of s o lu b i l i ­
zation  of lignite  in organic so lv en ts  is  shown in Figure 1.
Main Reactor
The m icroautoclave w as constructed  o f  a type 316 s ta in le s s  s te e l  
tu b e ,  9 /1 6  in .  o . d .  , 5 /1 6  in .  i . d .  , and 6 in .  in length , having an 
internal volume of 8 ml. It w as capped on one end , the other end being 
co nnected  to a pressure gauge through a c r o s s .  The tubing, couplings 
and nipples were AE C one® '* ' f it t in g s  designed for 1 5 ,0 0 0  p s ig .  at 100 
d egrees F .  s e r v ic e ,  th is  m aterial supplied by Autoclave E n gin eers , In c .
The reactor  asse m b ly  was inside a pipe 1 1/2  in .  i . d .  and 8 in .  
long. A beaded heater  c o i l  rated 1200 w atts  at 110 v o l t s ,  w as wound 
uniformly on th is  p ipe. The heater  w as insu lated  with 1 1/2  in .  th ick  
m agnesia  to minimize heat lo s s  and to maintain a uniform temperature 
over the length of the re a c to r .
Registered tradem ark.
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/  T h e r m o c o u p l e
2  V a lv e
3 P r e s s u r e  g a u g e
4 H e a t e r
5  R e a c t o r
6 M e t a l  rod




F I G .  I S c h e m a t i c  d i a g r a m  o f  r e a c t o r  a s s e m b l y .
M ixing
The reacto r  and heater a sse m b ly  w as mounted on a shaker-v ibrator 
manufactured by the C entral S c ie n t i f ic  Company. This Cencom einzer 
S ieve  Shaker w as driven by an e le c t r ic  motor with a double ended sh a ft .  
The combined v e r t ic a l  and la tera l  gyratory motion produced e ffe c t iv e  
a g ita t io n .  The speed of the motor w as controlled by using a rh e o s ta t .
A 1 /1 6  in .  s t a in le s s  s te e l  rod, 3 in .  long with a f la ttened  end 
w as p laced inside the reactor to improve the m ixing. In a Lucite  model, 
it w as observed v isu a l ly  that the re ac tio n  m aterial was w ell mixed and 
w as uniformly distributed when the reacto r  w as o n e -h a lf  full or l e s s ,  
with shaker speed at N o. 2 rheosta t p o s it io n .
Instrumentation
A chrom el-alu m el thermocouple w as s i lv e r -so ld e re d  to the outside 
w all of the re a c to r ,  2 in .  from the bottom of the tu b e , to  give an approxi­
mate temperature of the reactor c o n te n ts .  The outside thermocouple was 
connected  to a Honeywell Temperature Recorder. Power supply to the 
h e a te rs  w as controlled through a v ar iac  arrangement with manual a d ju s t ­
ment .
Experiments were conducted to find the re l ia b i l i ty  and accu ra cy  of 
th is  temperature m easurem ent. The reacto r  w as charged with te t ra l in -  
lign ite  slurry. Another chrom el-alum el thermocouple w as inserted  inside 
the reactor  tube and then the outside and inside tem peratures were
14 .
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recorded a s  the system  w as h e a te d .  It w as found that the d ifferen ce  in 
temperature w as 10 d egrees F .  at outside tem peratures from 100 to 300 
d egrees F .  , and th is  temperature d ifferen ce  w as independent of the 
temperature le v e l for the range in v e s t ig a te d .  It w as assum ed that at 
operating temperatures o f 7 3 5 -7 5 0  d egrees F .  the d ifferen ce  in outside 
and inside tem peratures would not be s ig n if ic a n tly  different from th is  
v a lu e .  Thu s, only the outside temperature w as recorded a s  it w as d if f i ­
cu lt  to mount a thermocouple w ell  inside the sm all reactor  and s t i l l  
maintain a pressure s e a l  at high operating p re ssu re s .
A pressure gau ge , 0 -5 0 0 0  p s ig . , w as fitted onto the re a c to r .  
Pressure w as recorded at 15 minute in terv als  during the re a c t io n .  A 
rupture d isk  w as in s ta lle d  on the unit for sa fe ty  p u rposes. In operation , 
the unit w as p laced behind a s te e l  b arr icad e .
M ater ia ls
Hydrogen w as obtained from a com m ercial supplier in tanks at 
2000  p s ig .  and w as used as  re c e iv e d .  Various organic so lv en ts  were 
purchased from different so u rces  and are l is ted  in Appendix B, with their 
grade, boiling point and structural formula. Lignite from the Baukol- 
Noonan m ine, Burke County, North D akota , w as used to in v e stig a te  the 
e f fe c t  of various so lv en ts  in solution re a c t io n .  Other sam ples include 
one each  from Velva and Beulah, North D akota , and S av ag e , M ontana,
m in e s .  Proximate a n a ly se s  and heating value are shown in Appendix C .
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The heating  v a lu e s  reported are o f the. sam ples from the same mines with 
sim ilar com position . All sam ples were pulverized to minus 200 m esh , 
and dried in a nitrogen atmosphere at 110 d egrees C .  for 4 hours.
Performing the Run
The reacto r  w as charged with lignite  and so lvent in a ratio  of 1 to 
4 by w eigh t. In a ty p ica l  experim ent, 0 .6 3  gm. of dried pulverized 
lign ite  and 2 . 6  gm. of te tra lin  were p laced in the re a c to r .  After s e a l ­
in g , the reactor  w as pressurized to 1500 p s ig .  in it ia l  pressure with 
hydrogen. The unit w as te s te d  for leakage by holding at room tem pera­
ture for 2 hours and noting the co n sta n cy  of p re ssu re .  The reactor w as 
then fitted inside the h eater  a sse m b ly ,  heated  to 7 3 5 -7 5 0  d egrees F .  in 
about 30 m inutes , and maintained at th is  temperature for 2 hours. 
V ibrato r-sh aker speed during the run w as at No. 2 rheosta t p o s it io n . 
Pressure and temperature were recorded at 15 minute in te rv a ls .  After 2 
ho u rs, the h ea ters  were shut o f f ,  and the reactor w as removed from the 
heater  a sse m b ly .  The reactor w as cooled  to room tem perature, and the 
pressure re le a se d  s lo w ly . The reacted  m aterial w as transferred q u an ti­
ta t iv e ly  to a 500 ml. b e a k er .  A mixture of aceto n e  and benzene was 
used to w ash  the inside w alls  of the re a c to r ,  and the w ashings c o l le c te d .
F iltration
The reactio n  m aterial co l le c te d  in the a ce to n e -b e n z e n e  mixture 
w as vacuum filtered  through a gooch cru cib le  with an a s b e s to s -m a t .
Filtra tion  time w as noted . The residue w as w ashed with hot te tra lin
i
until a c o lo r le s s  filtra te  w as obtained (the quantity of te tra lin  required 
w as gen erally  l e s s  than 50 m l . ) .  The residue w as w ashed with aceto n e  
to remove tr a c e s  of te tra l in ,  and the cru cib le  dried at 110 d egrees C . 
for 1 hour, and w eighed . The weight of the residue retained on the 
f i l te r -m a t w as used in the ca lc u la t io n  of percent so lu b il iz a t io n .  Sample 
c a lc u la t io n s  and a ty p ica l  tem p erature-pressure  h istory  of a run are
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shown in Appendix A.
EXPERIMENTAL RESULTS
The re su lts  from the hydrogenation-so lution  re ac tio n  experim ents 
are given in T ab les  7 and 8 .  No attempt w as made to determine separate  
y ield  of gas and liquid products. The e x ten t of so lu b iliza tio n  w as c a l ­
cu lated  from the amount of residue retained on the f i lter -m at after  it was 
w ashed and dried. So lu bility  is  the w eight of 1 gm . of moisture and ash 
free (MAF) lignite  converted to e ith er  gas or liquid during the solution 
re a c t io n .  Thus,
Percent S o lu b iliza tion  =  (1 W eight of MAF residue \ x ^qq 
W eight of MAF lignite
The tem perature, in it ia l  hydrogen p re ssu re ,  so lvent to lignite  
ratio  and reactio n  time were held constant to compare the re la tiv e  d i s ­
solving power of s o lv e n ts .  In Table 7 , percent so lu b iliza tio n  of 
B au kol-N o on an , North Dakota lignite  in 15 d ifferent so lv en ts  is  shown. 
Solvents studied include aro m atic ,  a l ip h a t ic ,  amino, p h en o lic ,  h e te ro ­
c y c l i c  and cy c lo p ara ff in ic  compounds. In Table 8 ,  so lu b iliza tio n  in 
te tra lin  for four l ig n ites  from different mines is  presen ted .
The e a s e  of f iltra tion  with different so lv en ts  is  reported a s  an 
index o f the time taken  for filtration of the reactio n  m ass in the
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a c e to n e -b e n z e n e  m ixture, according to  the follow ing nomenclature:




2 0 -4 0
4 0 - 6 0
E ase  of F iltration 
Very E asy  (VE)
E asy  (E)
D ifficu lt  (D)
Very D ifficu lt  (VD)
In Table 7 , percent so lu b i l iz a t io n ,  e a s e  of f i l t ra t io n , maximum 
re actio n  pressure and average so lu b iliz a tio n  of the duplicate runs are 
summarized. R1 and R2 rep resent the re su lts  of duplicate runs made 
with the same so lv en t to study the reprod u cib ility . Average percent 
so lu b iliza tio n  is  the arithm etic  mean of R1 and R2 . A d eta iled  sample 
c a lc u la t io n  is  shown in Appendix A.
R eaction  conditions for a l l  t e s t s  w ere:
Temperature: 7 3 5 -7 5 0  d egrees F .
In it ia l  Hydrogen P ressu re : 1500 p s ig .
R eaction Time: 2 hours
V ibrator-Shaker Speed: No. 2 rh eosta t position
Solvent to Lignite Ratio: 4 gm. of so lvent to 1 gm. of lignite
Lignite Partic le  S iz e :  -2 0 0  mesh
R esu lts  from t e s t s  with different l ig n ites  indicating the e f fe c t  of 
change in com position on the e x ten t of so lu b iliza tio n  are summarized in
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Table 8 .  Tetralin  w as used a s  so lvent with conditions being the same 
a s  for other exp erim en ts . A nalysis  of various l ig n ites  used is given in 
Appendix D . *
In Table 7 ,  the various so lv e n ts  are divided into three g ro u p s--A , 
B and C; the le a s t  e f fe c t iv e ,  moderately e ffe c t iv e  and very e ffe c t iv e  
so lv en ts  re s p e c t iv e ly ,  depending upon the e x ten t of so lu b il iz a t io n .  
Effort h as been  made to correla te  the e f fe c t iv e n e s s  of th e se  so lv en ts  
with th eir  ch e m ica l stru ctu re . In group D, percent so lu b iliza tio n  of 
lignite  in com m ercial anthracene o il  so lvent is  reported .
S t a t is t ic a l  a n a ly s is  of reproducibility  for so lu b iliza tio n  data is  
made in Appendix D. W ith the help of standard deviation of d if fe ren ces  
in so lu b il i t ie s  of duplicate  runs a s ig n if ic a n t  value for d ifferen ce  in 
av erag es  of duplicate  runs of two so lv en ts  is  c a lc u la te d .  This d iffer­
e n ce  in the av erages  of duplicate  runs is  used to determine i f  there is  
any s ig n if ic a n t  d ifference  in so lu b iliz a tio n  of two s o lv e n ts .  It is  found 
that if  the d ifferen ce  in so lu b iliza tio n  of two so lven ts  is  more than 5
percentage units then there is  s ig n if ic a n t  d ifferen ce  in so lu b il iz a t io n .
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TABLE 7
PERCENT SOLUBILIZATION OF LIGNITE3 IN ORGANIC SOLVENTS
Run Solvent
E ase  of 




(p s ig .)
So lu b ilization  Percent 
R1 R2 Avg.
A1 Benzene VE 2180 2 6 . 5 3 0 . 1 2 8 . 3
A2 Phenol E 2300 2 9 . 9 3 3 . 3 3 1 . 6
A3 o -C r e s o l E 2140 4 2 . 3 3 1 . 0 3 6 . 7
A4 n-Butyl amine E 2400 3 6 . 8 3 7 . 5 3 7 . 2
A5
1
C yclohexane VE 2120 4 3 . 7 3 8 . 8 4 1 . 3
B1 1-N aphthyl amine D 2200 4 5 . 5 4 0 . 9 4 3 . 2
B2 o -P h en yl phenol D 2000 4 5 . 4 4 4 . 6 4 5 . 0
B3 Quinoline VE 2000 4 5 . 5 4 7 . 4 4 6 . 5
B4 Phenanthrene D 1900 4 6 . 5 4 9 . 6 4 8 . 1
B5 Anthracene VD 2090 4 9 . 1 5 0 . 0 4 9 . 6
B6 Naphthalene D 2070 5 2 . 3 4 7 . 4 4 9 . 9
B7 alpha-N aphthol VD 2200 6 3 . 3 6 2 . 3 6 2 . 8
C l Tetralin E 2050 7 3 . 0 7 0 . 4 7 1 . 7
C2 1 , 2 , 3 , 4  -Tetrahydro 
quinoline
VE 2020 9 3 . 2 9 3 . 5 9 3 . 4
D1 Anthracene oil 
(D istilled)
VD 1900 6 0 . 2 6 5 . 4 6 2 . 8
a L ign ite : Baukol-N oonan Mi ne ,  Burke County, North D akota .
TABLE 8
PERCENT SOLUBILIZATION OF DIFFERENT 
LIGNITES IN TETRALIN
S o lu biliza tion  Percent
Lignite  Source R1 R2 Avg. *234
(1) Baukol-N oonan, North Dakota 7 3 . 0 7 0 . 4 7 1 . 7
(2) S a v a g e ,  Montana 7 2 . 0 7 5 . 8 7 3 . 9
(3) Beulah, North Dakota 8 1 . 8 8 2 . 4 8 2 . 1
(4) Velva , North Dakota 82 .2 8 2 . 3 8 2 . 3
a (l)  Baukol-N oonan Mi ne ,  Burke County, North Dakota
(2) Breezy F lat Mi ne ,  Richland County, Montana
(3) South Beulah Mi ne ,  M ercer County, North Dakota
(4) Velva Mi ne ,  Ward County, North Dakota
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DISCUSSION OF THE RESULTS • " '
Low rank c o a ls  are d iff icu lt  to hydrogenate b e ca u se  o f  a h ig h - 
oxygen content and accom panying high degree of c r o s s - l in k a g e .  Under 
depolym erizing conditions oxygen from the lignite  re su lts  in higher y ield s 
of w ater and carbon dioxide per unit w eight of co a l su b stan ce  than do 
higher rank c o a l s . The two so lv en ts  which are known to be good hydro­
gen donating ag en ts  were found to produce the high so lu b iliza tio n  of 
lign ite  for the so lv en ts  in v e s t ig a te d ,  namely te tra lin  and tetrahydro 
q u in o lin e .
D ifferent so lv e n ts  are divided into three g ro u p s--A , B and C; 
the le a s t  e f fe c t iv e ,  moderately e ffe c t iv e  and very e f fe c t iv e  so lv en ts  
r e s p e c t iv e ly ,  depending on their ex ten t of so lu b iliza tio n  determined 
experim entally  and are found to have e ith e r  a l ip h a tic  or arom atic (low 
boiling) structure in group A, polynuclear arom atic structure in group B 
and hydroaromatic structure in group C s o lv e n ts .
Solvents in group C ,  the most e f fe c t iv e  group, d isso lv e  more than 
70 percent of the l ig n ite .  F iltration of the reactio n  mass c o l le c te d  in 
a ce to n e -b e n z e n e  mixture is  e ith er  e a s y  or very e a s y .  It seem s that 
the p ro ce ss  of depolym erization and s ta b il iz a t io n  by hydrogen bonding 
is  alm ost co m p lete .  Both the so lv en ts  studied are hydroaromatic
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compounds, and have a b il i ty  to donate hydrogen. From the study of e a s e  
of filtration it may be said  that there are very few co llo id a l p a r t ic le s  
le f t  in the solution and hence the filtration  is  e a s y .
The so lv en ts  in th is  group have high boiling p o in ts .  1 ,2 ,3 ,4 -  
tetrahydroquinoline ( B. P.  251 degrees C . )  d isso lv ed  93 percent of lignite  
w hereas 1 , 2 , 3 , 4-tetrahydronaphthalene (te tra l in , B . P .  206 d egrees C .) 
gave 71 percent s o lu b il iz a t io n .  It seem s that tetrahydroquinoline has 
a b il i ty  to donate hydrogen much more e f fe c t iv e ly  than te t ra l in .  This may 
be due to the p o larization  e f fe c t  of nitrogen present in hydroaromatic 
ring which promotes a lternate  donation and a c ce p ta n ce  of hydrogen by 
the hydroaromatic ring to the broken lin k ag es  of the co a l m olecule as  
su ggested  by Franke (6).
Solvents in group B, the moderately e f fe c t iv e  group, d isso lv e  40 
to  65 percent of l ig n ite .  F iltration  of the reactio n  m ass is  e ither d i f f i ­
cu lt  or very d if f ic u lt ,  e x c e p t  for q u in o lin e . From the study of ex ten t of 
so lu b iliza tio n  it can be concluded that there is  a s ig n if ica n t solution 
r e a c t io n .  Lignite is  depolymerized under the operating re a c t io n  co n d i­
t io n s  but some of the depolymerized m o lecu les  are of co llo id a l s i z e .  
These co llo id a l  m o lecu les  c log  the pores of the f i l te r -m a t ,  and make 
filtra tio n  d if f ic u lt .  Except qu in olin e , a l l  of th e se  polynuclear com ­
pounds have high boiling p o in ts .  It seem s that such a so lvent has 
a b i l i ty  to  a c t  a s  a hydrogen tran sfer  agent but does not donate i ts  own
hydrogen.
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Solvents in group A, the l e a s t  e f fe c t iv e  group, d isso lv e  2 5 to 40 
percent  of l ig n i te .  Fil tration of the reac t io n  mass  is  e ither  e a s y  or very 
e a s y .  Lignite is  apparently depolymerized under the operating react io n 
co ndit io ns .  It appears that the broken l inkages  of th ese  molecules  
combine to form a s tab le  structure a s  the av a i lab i l i ty  of hydrogen for 
bonding is  l imited. All of th e se  a l ip h at ic  and aromatic compounds have 
low boiling points .  From co m p ress ib i l i ty  ca lc u la t io n s  it appears that 
th e s e  so lvents  -are in the vapor phase  at  the operating pressure and 
temperature co n d i t io n s .  From the e a s e  of f i l tration it is  fe lt  that the 
result ing react ion  mass  conta ins  neglig ib le  amount of co l lo id a l  s ize  
par t ic le s  and hence  the fi l tration i s  e a s y .  These  so lvents  neither have 
ab i l i ty  to a c t  in a hydrogen donating c a p a c i ty  nor are they hydrogen 
transferr ing a g e n t s .  These  so lvents  do not contribute appreciably  to
the solut ion r e a c t io n .
'
The extent  of so lub i l iza t ion  with naphthalene and quinoline i s  not 
s ig n i f ican t ly  dif ferent.  Thus in th is  i n s t a n c e ,  the polarization e f fe c t  
of  nitrogen in naphthalenic  ring structure compounds is  not s ig n i f ic a n t .  
This is  contrary to the e f fe c t  of nitrogen in a hydroaromatic ring.  The 
so lub i l iza t ion  of l ignite with naphthalene and with te tra l in  is  s ig n i f i ­
cant ly  different as  is  the c a s e  with quinoline and te trahydroquinoline . 
From th is  d i f ference  in behavior  it may be concluded that the hydro­
aromatic ring g iv es  s ignif icant  in c rease  in so lu b i l iza t ion .  So lu b i l iz a -
■
t ion with cy c lo h e xan e  is  more than 10 percent  better  than with b e n z e n e .
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naphthalene
This may be due to the saturated ring structure of c y c l o h e x a n e .
The dif ference  i s  so lub i l iza t ion  of l ignite with a n t h r a c e n e ,
and phenanthrene is  not s i g n i f i c a n t . The so lub i l iza t ion  is  
not increased  s ig n i f ican t ly  with the additional condensed benzene ring 
in the c a s e  of naphthalene to an th race n e .  The e f fe c t  of angular arrange­
ment of phenanthrene on the extent  of so lub i l iza t ion  of l ignite is  not 
o bserv ed .  Orchin and coworkers (13) found that phenanthrene d isso lv ed
95 percent of bituminous co a l  whereas  anthracene gave 24 percent 
s o lu b i l iza t io n .  They observed that phenanthrene d isso lv ed  only 23 
percent of l ig n i te .  This dif ference  in behavior  may be attributed to the 
reduced c r o s s - l i n k a g e s  in the structure of  bituminous c o a l .  Thus it may 
be concluded that the structural  arrangement of  the co a l  molecule  and 
the structure of  so lvent molecule  do determine the extent o f  s o lu b i l i z a ­
t io n .
Solu bil izat ion of l ignite in phenol and o - c r e s o l  is  not s ig n i f i ­
cant ly  di f ferent.  Thus in this  c a s e ,  an additional methyl group has  no 
s ig n if icant  e f fe c t  on the extent  of so lu b i l iza t ion .
The so lub i l iza t ion  of l ignite in a lpha-naphthol is  s ig n i f icant ly  
greater  than with phenol.  This d i f ference  in behavior  may be attributed 
to the condensed polynuclear  structure of a lpha-naphthol .  So lu b i l iz a ­
tion with o-phenyl phenol was more than o - c r e s o l  but was  l e s s  than 
a lpha-naphthol .  Thus a condensed aromatic ring gave s ig n i f ican t ly  
higher so lub i l iza t ion  than a phenyl ring in th is  c a s e .
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The extent  of so lub i l iza t ion  of l ignite  in a lpha-naphthol and in 
1-naphthyl amine can be compared to predict  the re la tive  e f fe c t iv e n e s s  
of hydroxyl and amino grou p s . It appears that the hydroxyl group would 
s ig n i f icant ly  in c rease  the solut ion re a c t io n .  The extent  of s o lu b i l i z a ­
tion i s  not changed s ig n i f ican t ly  with the addition of a third aromatic 
ring to naphthalene in phenanthrene and a nthracene .  Thus it may be 
predicted that an additional number of rings greater than three may not 
in c r e a s e  so lub i l iza t ion  s ig n i f i c a n t ly .  This co nc lu s io n  is  supported by 
Orchin e t  a l . (13) in their work on bituminous co a l  (see Table 1).
The extent of so lub i l iza t ion  of Bau k ol-N oonan , North D akota ,  and 
S av ag e ,  Montana,  l ignite is  not s ig n i f icant ly  di f ferent.  The extent  of 
so lub i l iza t ion  of Beulah and Velv a ,  North Dakota ,  l ignite is  comparable 
and is  s ig n i f icant ly  greater  than the first  two l ig n i t e s .  No correlation 
is  evident between so lub i l iza t ion  and the proximate a n a ly s is  of l ig n i te .
^ ... ' - V
Franke et  a l . (6) worked on three different l ig n i tes  from North D akota ,
^ — -— -*! r-------- —]
T ex as  and W ashington and found no correla t ion between the a n a ly s is  of 
th e s e  l igni tes  ana the extent  of so lu b i l iza t io n .  It was noted that the 
percent  so lub i l iza t ion  w as  not rela ted to the heating value of  l ignite
(MAF).
The data obtained by Severson and coworkers (17) show s ig n i f i ­
cant ly  higher so lu b i l izat ion  than the present work,  although d if feren ces  
between so lvents  were generally  in the same d irec t ion .  These  d i f fe r ­
e n c e s  may be a result  of  dif ference  in design of the two apparatus
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u sed .  Secondly ,  the maximum pressure reached in the autoc lave  used 
in th is  work was appreciably  lower for the same starting pressure and 
final  temperature than that used by Severson et a l . (1*J). Also ,  different 
methods were employed to determine the extent of so lub i l iza t ion .  The 
data obtained in th is  work are used primarily to give an indication of the 
re la tive  e f fe c t  of  different so lvents  in solut ion react io n of l ig n i te .
CONCLUSIONS
Solvents  have the c a p a c i ty  to  a c t  e i ther  as  hydrogen transferring 
agents  or to donate their  own hydrogen in hydrogenation-so lut ion 
r e a c t io n .  The most e f fe c t iv e  so lvents  are hydroaromatic compounds,  
which have the ca p a c i ty  to donate their  own hydrogen and to transfer  
hydrogen by alternate  a c c e p t a n c e  and donation of hydrogen to s ta b i l iz e  
the depolymerized co a l  m o l e c u l e . The moderately e f fe c t iv e  group of 
so lvents  have polynuclear  aromatic s tructure .  The l e a s t  e f fe c t iv e  group 
conta ins  a l iph at ic  and aromatic (low boiling) so lv e n t s .  The re la tive  
ab i l i ty  to so lub i l ize  c o a l  may be related to re la tive  ab i l i ty  to transfer  
hydrogen for th e s e  so lv e n t s .
In the c a s e  of bituminous c o a l ,  phenanthrene d isso lv ed  95 per­
cent  of  c o a l ,  and anthracene  gave 24 percent solub i l izat ion  (13) .  It was 
found that th is  dif ference  in behavior  was not observed with l ig n i te .  The 
dif ference  in so lub i l iza t ion  of  l ignite with anthracene and phenanthrene 
was not s ig n i f i c a n t .  It i s  fe lt  that th is  difference  may be cau sed  by 
different structural  arrangement of m olecules  in l ignite and bituminous 
c o a l .
In a singlg c a s e ,  a hydroxyl group was  more e f fe c t iv e  than an 
amino group as  can  be se en  from the so lub i l iza t ion  with alpha-naphthol
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and 1-naphthylam ine . The extent  c f  so lub i l iza t ion  with naphthalene and 
anthracene was not s ig n i f ican t ly  d if ferent.  It may be predicted that an 
additional number of rings greater than three may not in c r e a s e  s o lu b i l i ­
zation s ig n i f ic an t ly .
Hydroaromatic so lvents  were superior to polynuclear  so lvents  in 
solut ion r e a c t io n .  The e f fe c t i v e n e s s  of hydroaromatic so lvents  was 
cau sed  by their  ab i l i ty  to  a c t  a s  hydrogen donors to co a l  su b s ta n c e s  
under the depolymerizing co n d i t io n s .
The extent  of so lub i l iza t ion  was  found to differ s ig n i f i c a n t ly ,  
depending on the source o f  the l i g n i t e . There was  no evident co r r e la - K
t ion between the proximate a n a ly s i s  o f  the. l ignite and the percent 
s o lu b i l iz a t io n .  Also ,  the percent solub i l izat ion  and heating value of 
l ignite  showed no co n c lu s iv e  corre la t ion .
3 0 .
SUMMARY
The hydrogenatio n-solut io n reac t io n  of l ignite was  studied in a 
microautoclave with various organic so lvents  at  react ion  condit ions of 
740 degrees  F .  and 1500 p s ig .  in i t ia l  hydrogen pressure .  P rocess  
v a r ia b le s  such as  temperature,  p re ssu re ,  time of react ion  and particle  
s iz e  of l ignite-were  held co n s t a n t .  Results  indicated that the hydro­
aromatic  compounds are superior in d isso lv ing  l ignite to any other type 
of so lvents  s tudied.  1 , 2 , 3 , 4-te trahydroquinoline gave more than 93 
percent  s o lu b i l iz a t io n .  Polynuclear so lvents  gave moderately good 
so lub i l iza t ion  while a l iph at ic  and aromatic (low boiling) so lvents  d i s ­
solved only 2 5 to 40 percent of  the l ig n i te .
Solvents  were c l a s s i f i e d  into three g r o u p s - - C ,  very e f fe c t iv e  
(more than 70 percent  so lub i l izat ion) ;  B,  moderately e f fe c t iv e  (40 to 65 
percent  so lub i l iza t ion) ;  and A, l e a s t  e f fe c t iv e  (25 to 40 percent s o lu b i l i ­
zation) . It was  found that group C so lvents  were hydroaromatic com­
pounds,  group B so lvents  had polynuclear  aromatic s tructure,  and group 
A solvents  were e ither  a l ip h at ic  or aromatic (low boiling) compounds.
Four l ig n i tes  from different mines in the Northern Great Plains 
Province were hydrogenated with te tralin  a s  so lvent  to study the e f fe c t  
of  l ignite composi tion on the solution r e a c t io n .  It was  noticed from the
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r e su l t s  that there was a s ig n i f icant  dif ference  in percent so lub i l iza t ion  
for some of th e se  l i g n i t e s .  There was no evident correlat ion between 
the extent of so lub i l iza t ion  and the proximate a n a l y s i s .  Also ,  it was  
observed that the heat ing value of l ignite and the percent  so lu b i l izat ion  
showed no correla t ion in the samples  studied.
/
RECOMMENDATIONS FOR FURTHER WORK'
From the re su l t s  of  so lub i l iza t ion  with hydroaromatic so lvents  it 
i s  fe lt  that it would be worthwhile to determine so lubil ity  of l ignite with 
some more hydroaromatic so lvents  such a s  o -cy c lo h ex y lp h e n o l  and 
1 , 2 , 3 ,4 - te trahydro  5-hydroxynaphthalene . These compounds have been 
found to be very good so lvents  for bituminous c o a l .  In the c a s e  of 
l ig n i t e ,  probably b e c a u s e  of i t s  c r o s s - l in k e d  structure,  phenanthrene 
and anthracene  gave comparable extent  of so lu b i l iza t ion .  If it i s  found 
that o -cy c lo h ex y lp h e n o l  d i s s o lv e s  considerably  lower amount of l ignite 
than 1 ,2  , 3 , 4- te trahydro 5-hydroxynaphthalene,  then it would be more 
cer ta in  that the arrangement of structural  rings is  a d e c is iv e  factor  in 
determining the extent  of so lub i l iza t ion  of l ig n i te .
Another very important contribution would be so lubil ity  determina­
tion of l ignite with mixtures of pure s o lv e n t s .  A mixture of two so lvents  
may give higher so lub i l iza t ion  than e ither  of the two so lvents  a lo n e .  It 
i s  suggested to determine so lubil ity  of l ignite with a few more saturated 
ring compounds under hydrogen p ressure .  It is  recommended to obtain 
so lub i l i ty  data with high boiling so lvents  in a b se n c e  of hydrogen to 
determine their c a p a c i ty  to donate their own hydrogen.
I  • . . •
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It is  suggested to do some invest igat ion  in the direct ion of t r e a t ­
ing co a l  before hydrogenation.  It will  be an important contribution if  a 
p ro ce ss  of partial  hydrogenation followed by carbonizat ion to improve 
the yield  of l iquid products is  developed.
APPENDIX A
/
SAMPLE CALCULATIONS AND A TYPICAL TEMPERATURE- 
PRESSURE HISTORY OF A RUN
Run N o .: C l - R l







D egrees  F .
Pressure 
p s i g .
0 100 375 1600
15 80 690 1800
30 66 740 1850
45 64 740 1900
60 63 725 1940
75 64 735 1960
90 63 735 1980
105 63 735 1990
120 64 735 2000
135 63 740 2000
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Complete Sample C alcu la t ion :  Run No. C l - R l
Weight of weighing bott le  + l ignite — 4 . 8 1 0 1  gm.
W eight of weighing bottle = 4 . 2 2 6 7  qm.
Weight of l ignite = 0 . 5 8 3 4  gm.
W eight of weighing bott le  + te tralin = 2 9 . 2 6 2 3  gm.
Weight of weighing bottle = . 2 6 . 6 8 2 8  qm .
W eight of te tral in = 2 . 5 7 9 5  gm.
Weight of crucib le  + residue = 2 2 . 7 3 2 1  gm.
W eight of crucib le = 2 2 . 5 4 1 1  qm.
Weight of residue = 0 . 1 9 1 0  gm .
Moisture  (1 .107%) =  0 . 5 8 3 4  x 1 . 1 0 7 / 1 0 0  = 0 . 0 0 6 5 4 gm.
Ash (8 .356%) =  0 . 5 8 3 4 x 8 . 3 5 6 / 1 0 0  = 0 . 0 4 8 8 0 gm.
Lignite (MAF) 0 . 5 8 3 4  gm.
- 0 . 0 0 6 5  g m .
- 0 . 0 4 8 8  g m .
0 . 5 2 8 2  gm.
Residue (MAF) 0 . 1 9 1 0  gm.
- 0 . 0 4 8 8  gm.
0.  1422 gm.
Percent Solu bil izat ion = (1 -  Residue (MAF) gm. ) x  iqq percent
Lignite (MAF) gm.
/ 1 0 . 1 4 2 2  \ i r\n=  (1 -  —------ —  ) x  100 percent
0 . 5 2 8 2
=  (1 -  0 .2 6 9 0 )  x  100 percent
=  7 3 . 1  percent
APPENDIX B




Solvent Formula D egrees  C .  Source3 Grade
Benzene 0 80 a Reagent
Phenol A 181 b ReagentU
o - C r e s o l dr 190 c P ract ica l
n-Butylamine c 2 h 5 c h zc h 2 n h 2 7 7 . 8 b Pract ica l
H a.
Cyclohexane 80 d Pract ica l
1-Naphthylamine 300 c Pract ica l
o-Phenylphenol 275 c Baker






Boi l ing -  .•
Point













c T ech nica l
c  P rac t ica l
c Reagent
c F lak es
a Pract ica l
c  Pract ica l
e Commercial
aSource:  a = Matheson Coleman and Bell
b = Fisher  S c i e n t i f i c  Company 
c = J .  T.  Baker Chemical Company 
d =  Eastman Organic Chemicals  
e =  Reil ly  Tar and Chemical Corporation
APPENDIX C
PROXIMATE ANALYSIS OF VARIOUS LIGNITES
Heating Valuea 
BTU 
lb .  of 
Lignite 
(MAF)
Proximate A n a ly s i s , As Run
Moisture









2 8 . 4 6 1 2 ,2 0 0 1 .11 8 . 3 6 3 8 . 0 7 5 2 . 4 6




3 8 . 8 4 1 1 ,8 0 0 1 .3 0 7 . 0 3 4 3 . 3 3 4 8 . 3 4
Beulah ,
South Beulah Mine 
Mercer  County 
North Dakota
3 5 . 5 6 1 2 ,1 0 0 0 . 3 7 10 .8 0 3 9 . 6 3 4 9 . 1 4
S a v a g e ,
Breezy Flat Mine 
Richland County 
Montana
3 7 . 3 6 1 1 ,8 0 0 0 . 8 6 1 0 .7 6 4 1 . 4 7 4 6 . 9 1
a Heating values  are of the samples from the same mines with similar f ixed carbon to volat i le  
matter ratio.
APPENDIX D
STATISTICAL INTERPRETATION OF RESULTS
There are two determinations of percent solub i l izat ion  for each  
so lvent .  The dif ference  in so lubil izat ion between duplicate  runs is  
cau sed  by unavoidable varia tions in t e s t  co ndit ions .  There are a total  
of 15 different so lvents  and hence  the degrees of freedom are 14.  With 
the help of standard deviation of dif ference  in so lu b i l i t i es  of duplicate 
runs,  i t  i s  p o s s ib le  to find a s ig n i f icant  value for dif ference  in averages  
of duplicate  runs of two so lvents  (20).
di D if ference  in so lu b i l i t i es  of dupl icate  runs of 
so lvent  i
R1 (i) = Solubi lity  in solvent i in run 1
R2 (i) = Solubil ity  in so lvent  i in run 2
Sum (di)2 = Sum of squares  of d i f ferences
(Sum d i )2 = Square of sum of d i f ferences
»
S 2 = Variance
s = Standard deviation
d = Estimated dif ference  between s ingle  runs at 













Estimated dif ference  between average of 
duplicate  runs at 5 percent s ig n i f i c a n ce  leve l
Number of so lvents  used for var iance  c a l c u l a ­
tions
Number of runs made with same solvent 
R1 (i) -  R2 (i)
5 0 . 0
2 7 9 . 4 7
N (Sum di2) -  (Sum di)2 
N 2
15 x  2 7 9 . 4 7  -  (50)2 
225
7 . 5 2
( 7 . 5 2 ) 0 * 5 
2 . 7 4
From the t - t a b l e , at 5 percent  s ig n i f i c a n ce  leve l  and with 14 
degrees of freedom,
t ( 0 .0 5  , 14) 2 . 1 4 5
The difference  between s ingle  runs at 5 percent s ig n i f i c a n c e  level 
is  given by:
d =  - * ( 0 . 0 5 ,  14) X S 
+ 2 . 1 4 5  x 2 . 7 4
+ 5 . 5 5
pared.
\Z
In the present c a s e ,  the average of duplicate runs is  to be co m -
+ ---- I ----
+  5 . 5 5
¥
+  4 . 1 7
This d i f ference  in the averages  of dupl icate  runs may be used to 
determine if there is  any s ig n i f ic an t  dif ference  in solub i l izat ion  of two 
so lv e n t s .  Thus,  i f  the dif ference  in so lubil ization of two different 




dif ference  in so lu b i l iza t io n .
/
TABLE 9
SUM OF SQUARES OF DIFFERENCE IN SOLUBILIZATION 




di = R1 -  R2 (di)2
A1 3 . 6 1 2 . 9 6
A2 3 . 4 1 1 . 5 6
A3 1 1 .3 1 2 7 . 6
A4 0 . 7 0 . 4 9
A5 4 . 9 2 4 . 0 1
B1 5 . 5 3 0 . 2 5
B2 0 . 8 0 . 6 4
B3 1 .9 3 . 6 1
B4 3 . 1 9 . 6 1
B5 0 . 9 0 . 8 1
B6 4 . 8 2 3 . 0 4
B7 1 . 0 1 . 0
C l 2 . 6 6 . 7 6
C2 0 . 3 0 . 0 9
D I 5 . 2 2 7 . 0 4
Sum (di2) = 2 7 9 . 4 7Sum di =  5 0 . 0
/
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